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' Abstract 

I— I. We compute tiie spin asymmetry and polarization of the final-state baryon in its rest frame in two- 

i-^ ' body meson-baryon low-energy scattering with unpolarized initial state, to lowest non-trivial order in 
BChPT. The required absorptive amplitudes are obtained analytically at one-loop level. We discuss 

^ the polarization results numerically for several meson-baryon processes. Even at low energies above 

' threshold, where BChPT can reasonably be expected to be applicable, sizable values of polarization are 

. found for some processes. 

^ ! 1 Introduction 

V/-^ I Low-energy hadron dynamics is succesfuUy described by Chiral Perturbation Theory (ChPT), the effective 

On ■ field theory of meson strong, electromagnetic and weak interactions (see, e.g., ^ ^ for recent reviews, |5| 

I for textbook expositions). The effective chiral framework can also be extended to the one-baryon sector, 

■ where a fully relativistic Baryon Chiral Perturbation Theory (BChPT) has been formulated, describing 
\ baryon interactions at low energies (recent reviews are given in ^ . The equivalent heavy-baryon approach 

QP ■ is reviewed, e.g., in Q). As in virtually all areas of hadronic physics in the low-energy regime spin 

I phenomena are of great interest as probes of the structure and dynamics of baryons. Chiral effective theories 

^ ■ are essential tools in the study of those phenomena and have been applied, for instance, to compute nucleon 
spin structure functions and spin-dependent polarizabilities 

From the experimental point of view, spin observables at low- and medium-energies have bee the subject 

I of intensive studies in some cases, but data is scarce in others. There exists, for instance, a substantial 
body of data on analyzing powers in nucleon-pion scattering at energies around the A resonance peak (see 



ly, |10|, [llj and refs. therein), and at lower energies |12|, |13| . In the strange sector data on spin observables 
at low energies are definitely rare, though some exist ll4|]. 

In this paper we consider a particular aspect of hadron spin dynamics, the production of polarized baryons 
in unpolarized meson-baryon scattering, in BChPT. Such polarization effects are known to be large in the 
high energy regime |l^ where, unlike at low energy, the degrees of freedom relevant to the dynamics are 
the partonic ones. Here, we compute the spin asymmetry and polarization of the final-state baryon in its rest 
frame in low-energy two-body meson-baryon scattering with unpolarized initial state, to lowest non-trivial 
order in BChPT. Our main result is the expression for the spin asymmetry to that order in closed analytical 
form. From a more qualitative point of view, our main motivation is to ascertain what spin asymmetries 
and polarizations are obtained in BChPT, what physical mechanisms are responsible for them, how they 
depend on the kinematics of the scattering process (energy, scattering angle, and flavor), and what is the 
order of magnitude of the polarization effects obtained. 

The paper is organized as follows. In the following section we present our notation and conventions, 
including our choice of flavor basis, the parameterization for the scattering amplitude and the related ex- 
pressions for the spin asymmetry and polarization, and the tree-level amplitudes. The absorptive part of 
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the amplitude is obtained analytically at one-loop level in Sect. g. This result completes the calculation 
of the asymmetry and polarization at lowest non-trivial order in BChPT. In Sect. ^ we discuss our results 
in a more concrete setting, illustrating them with numerical computations of the polarization for several 
meson-baryon processes. In Sect. H we give some final remarks. 



2 Scattering amplitude and polarization 

The ground-state meson and baryon octets are described by standard Q traceless 3x3 complex matrix 
fields 4> and B, resp., with (j) hermitian. We use the physical flavor basis 

(1) 

where A" are SU(3) Gell-Mann matrices. The real matrices Z?*^ are not hermitian. Their hermitian conjugates 
form a basis that differs from {Z?"}^^]^ only in its ordering. To distinguish field components with respect 
to each of those bases we use lower fiavor indices for (3'^ ^. Thus, meson and baryon fields are decomposed 
asQ <^ = Efc 0fc/3VV2 = //3^/V2 and B = Ea BaPVV^ = B^PKJV^, with 0^ = Tr /V2, 
0'' = Tr /V^, and similarly Ba and B"^. Baryon and meson states are denoted \B°-{p, a)) and \M''{q)), 

resp. , with a = ±1/2 the spin along a fixed spatial direction in the fermion rest frame, and p, q four-momenta. 
We always use hadron kets with an upper index, and bras with a lower one, with masses nia and fhb for 
baryons and mesons resp. Free fields couple to one-particle states as {0\Ba{x)\B'^{p, a)) = 5^u{p, a) exp(— ipx) 
and (0|(/)&(a;)|M'=(g)) = S^expi-iqx). 

Indices can be raised or lowered by means of the symmetric matrices e"-'' = Tr {f3"-l3'') /2 = Tr (P'' al3\) /2 
= Bab and — ^b- ^^^^ basis the structure constants and the anticommutator constants in the fimdamental 
representation are 
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Similar definitions hold for fj'^, d'^bc^ "^^^ constants /'^''^ and d"'"^ (as well as fabc = —f'^'"' and 

dabc — d"'"^) are totally antisymmetric and symmetric, resp. Their numerical values are different from their 
Gell-Mann-basis analogs. 

With the T-matrix defined in terms of the 5- matrix as 5 = / + i(27r)'*(5(P/ — Pi)T, the scattering 

amplitudes are given by T-matrix elements T°^^,^,(s, u; cr, ct') = {Ba'{p' ,cr')Mb'{q')\T\B'^{p,a)M^{q)) as 

functions of the Mandelstam invariants s — {p + q)'^, u — [p — q'Y and the spin variables. The most 
general form for the two-body meson-baryon scattering amplitude consistent with Lorentz invariance and 
the discrete symmetries of the strong interactions is 

= u'(j>\ or"',, n{p, a), = W^',, + r,^\,,^^ , (3a) 

with Pt, the total momentum, and T'^''^'^' depending only on s, u. Below we will make repeated use of the 
unitarity relation for two-body scattering amplitudes, involving an integration volume element depending 
on Pj,, which justifies our choice of a parameterization of T'^''^'^' h^ terms of Complex conjugation of the 

first equality in (||) yields the matrix element Tt"''''^^ = {Ba{p, (T)Mb{q)\T^ {B'"' {p' , (7')M''' {q')) written as. 



^We do not use summation convention for flavor indices. 
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The dispersive and absorptive parts of the amphtude are then r"^^,^^, = r/)"''^,^^, + iTa^^^ii^i with, 



(4) 



In this equation, and in what follows, the symbol means that equality holds when both sides are 
sandwiched between u'{p\a') and u{p,a). Although time-reversal invariance is already taken into account 
in the Dirac structure of (^), it also implies restrictions on the flavor dependence of the amplitude. In the 
flavor basis (|l]), time-reversal invariance is expressed as 

u\p\ a') {t,^\,^, + T,^\,^,^^) uip, a) = u'ip', a') {To''''\, + r/'\^^^) nip, a), (5) 

where we again omitted the arguments s, u, which are invariant under time inversion. 

The Dirac spinor u'{p' , a') satisfies the polarization equation 75 ^'u'{p' , a') = —2(t'u'{p', a'), where s''' is 
the spin four- vector defined by the condition that in the fermion rest frame s'^ = (0, s'^) with s'^ the versor 
lying on the fixed spin-quantization axis. The following relations then hold, s'^'sj^ = —1, s'^pj^ = 0, and 

u'(p',(T'K(p',a') = i(/ + m,0(l-2a'75 ^')- (6) 
The total unpolarized squared amplitude, symbolically denoted |Tp, is given by 
I^P - ^ E ^".'.^'"'"'a. - ^Tr (r- ,,,(^ + '^;,(/ + 



a, a' 



L'OO tL „ 
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^ 1 „ 
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2C, 



(7a) 



with 



(7b) 



(8) 



Since 



Coo = {{m-a + ma')^ - t), Coi = ma{s + ml, - ml,) + ma'{s + ml ~ ml), 
Cii = {s + ml, ~ ml,){s + ml- ml) + s {t - {ma' - ma)^) ■ 
From (^) and (|^) the spin asymmetry A for unpolarized two-body scattering is written as, 

^^lE(^-)'r''\',r^''''\,-lTr{T^\,,i,i+ma^^^^^^ As) 

= (Re (ro"..,) Im (r,-^,,) - Im (r„-^,,) Re (r,- Tr (^^./ ^'75) ■ 

-iTr (^^,/ ^'75) = Ae'^^'^'paPrpp'-^s's 

= 'ima'\/p'^q^ - (p-q)^ - n , n = jlv^ , (lab') ^ ^ 

\qAp\ 

where the second equality holds in the rest frame of the final baryon (henceforth "lab"' frame), we see that 
for an unpolarized initial state the final-state spin asymmetry in the lab' frame lies along the direction n 
orthogonal to the plane of the reaction. We denote A'^ the asymmetry A expressed in lab' frame, as in (^ , 
and with s'^ = n. The polarization of the final baryon along the direction n in its rest frame is then 

A' 

We see from the second line of (|^) that A'^ and V'^ vanish unless real particles are created in intermediate 
states. Indeed, if only virtual-particle intermediate states are possible then the imaginary parts Im(ro,i) ~ 
in (||), leading to a vanishing asymmetry. This occurs, in particular, at tree level. To obtain A'^ and V'^ to 
lowest non-trivial order we must compute the dispersive part of the amplitude at tree level, and its absorptive 
part at one loop. 
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2.1 Tree-level amplitudes 



The Lagrangian of fully relativistic Baryon Chiral Perturbation Theory (BChPT) is written as a sum L = 
Cm + C.MB of a purely mesonic Lagrangian Cm and a meson-baryon one Cmb- The mcsonic Lagrangian to 
was first obtained i n [p^ , [l^ . The meson-baryon Lagrangian Cmb has been given to 0{q^) in the 
three-flavor case in [|l9|, |2^, (and in for two flavors). Here we discuss the tree-level amplitudes for 
meson-baryon scattering obtained from C. 



In the parameterization (3a) it is convenient to write ,,, as a sum over Feynman graphs Q, explicitly 



factoring the flavor coefficients from interaction vertices, 

The index Q in ( pi] ) runs over all Feynman graphs contributing to the amplitude T""^ The second sum 
runs over a set {I}g of internal flavor indices for each diagram Q. In the flavor limit the reduced form factors 
^(6)0 1 carry only internal flavor indices but, in fact, they also depend on a, a' through their dependence 
on initial and final baryon masses. At tree level Q takes the values c (contact-interaction diagram), s and 
u. The set {/}c is empty, and each of {I}s.u contains only one flavor index originating in the mass of the 

internal baryon line.|^ The tree-level amplitude T""^^,^, can then be written as, 

^ic)''''a'b' = E h^j'^'^a' ' r(c)0 = + nia') , f = ^ , (12a) 

{d} _ I ( [rngf + md){ma + nid) 



(12b) 

{d} _ 1 / . , ^ (mg' -I- md) (TOg -I- md) ^ 



Here / is the pseudoscalar-meson decay constant in the chiral limit. The coupling constants D and F have 
been obtained from experimental data on hyperon semileptonic decays in p2| , p3| , . The amplitudes ( [T^ ) 
are obtained by resumming mass terms from the 0{q^) Lagrangian and incorporating them into the 0{q^) 
free baryon Lagrangian, thereby explicitly taking into account baryon mass splittings. This procedure is 
not inconsistent at leading order in the chiral expansion provided the result is not used as the basis of a 
next-to-leading order calculation. The purely leading-order result, however, can be trivially recovered from 
( p^ ) by setting ma = for all a = 1, . . . , 8 in our expressions. 

If we set in (|l^) all baryon masses to their chiral-limit common value Af^, expand the Dirac spinors 
u'{p',a') and u{p,a) into their upper and lower components, and change the flavor basis to the Gell-Mann 
basis, we recover the tree-level amplitudes of [^^. Furthermore, for those flavor coefficients considered in 
p6| , ^ we find full numerical agreement with their tabulated values. 



3 One-loop absorptive parts 

The spin asymmetry (^ involves the absorptive part of the amplitude, which vanishes at tree level for physical 
values of the external momenta. At one-loop level the only diagrams that contribute to the absorptive part in 

^ 0{q"') denotes a generic quantity of chiral order n, with q a nominally small quantity such as a meson momentum or mass. 
■^Those flavor indices are arbitrarily written as upper indices, but between braces to denote their non-tensorial nature. 
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the physical region are those that can be factored as products of tree-level diagrams with on-shell external legs 
|8|. From (|), {§, (|) wehave u'{p' , a' )rA''\,,, nip, a) = l/i2t){Ba'{p',a')Mt>iq')\iT-T^)\B-ip,a)M\q)). 

Hence, from the unitarity relation T — T'^ = i{2TT)'^S{Pf — Pi)TT'^ we obtain the cutting rules for one-loop 
diagrams, 



I'(p', cj')Ta''\,,, u{p, = A / d^Qd'RS{p^ _ Q _ i?) ^ S+{Q 

^ •' KM 



X u'{p\ a')r''" + ™h)r°\,, uip, a). (13) 

A diagrammatic representation of this equation is given in fig. |l|. Notice that meson-meson vertices do not 
enter the absorptive part at this order. We introduce the notation 

dVn (rgjo + fl'^l^^) {ft + mn) (P^ + f;,^},^,) - (fgf>„ + rgj>,^.) , (14) 

where Q^Q' = c, s,u and the integration measure cIVr, whose dependence on m^, fhh' is not explicitly shown 
in the notation, is defined in (^. Similarly, the dependence of r^^/jg ^ on rUa' , ruh and that of r|^^|p ^ on rua, 

rrih are not explicitly indicated. More specifically, the reduced amplitudes r^g/jg i ^^'^ i ™ ( |l^ ) cor- 
respond to the amplitudes {Ba'ip', a')Mb'{q')\T\B'^{R, S)M'''(g)) and {Bh{R, T,)MhiQ)\T\B''{p, cT)M^{q)), 
resp., evaluated at tree level. They are given by (|l^), with the appropriate changes in fiavor, momentum, 
and spin variables. With (|Tl|) and (^4|), we can rewrite (|l^) in the more compact form 

g,G' h,h'.d,d' 



In ([14) and (15), if or tj' = c the respective superindex d or d' must be omitted, since there are no internal 



particles propagating in the contact diagram. 
3.1 Bubble diagrams 

In those terms on the r.h.s. of ( [Tsl ) not involving Q or Q' = u the reduced form factors Fj^^jq x and F(g/-)Q 
are independent of i?^, so the integration is trivial. For those terms we have 

ri<^d'} _ ^T^{hh'} rridd'} T^{hh' } {dd' } _ r^{hh' } „ {dd' } -p.{hh' } {dd' } 

(ae')o ~ 1 ^{ggi) '"-h^o (gg') ' (ge')i ~ o -"(ego i {gq') ' 

rr{dd'} _ y.{d'} ^{d} r^{dd'} _ ^{d'} y.{d} ^ > 

^{GG') ~ ^ (e')o^ (5)1 ^ {G'n (0)0 ' ^{GG') ~ ^ (e')o^ {G)o ~^ (e')i (e)i ' 

with Q' = c, s. The phase-space integrals -BpY' given in The quantities Hj-gg}^ and are 

introduced here for notational convenience. As with ^^g^Q i f^nd F|^,|p ^, their dependence on a, a', /i, /i' 
through initial and final state masses is not indicated explicitly for simplicity. 
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From (|T^) and the second line of ( p6| ) we have, 



2mh) 



f^K(cc-j = s + -{rna + mh){ma' +mh), 



4 fT-Ici'} 



(cs) 
(cs) 



(ma- + TOh) + -(ma + TOh + Sm^/) ( 1 + 



{ma' + md'){mh + md') 



1 



{ma' + mh){ma + m/i) - ( s + —^-{ma + m/i) ) 1 + 



(m^/ + md'){mh + md') 



/^<f ^ = - ( 1 



(sc) (cs) 



(m/, + md){ma + rud) 



{ma' + m/i) 



(m/i + md'){ma' + m<j') 



X (ma + mh) - {md + mrf/) ( 1 + 



(m/i + md){ma + m<j) 



f^^iss) ^ = ('"'i + ma'){mh + ma) + md{mh + ma') ^1 + 

(m,, + md'){ma' + m^/) 



+md'{mh + ma) 1 + 



+ {s + mdmd') ( 1 + 



{mh +md){m,a + md) 



{mil + md){ma + m<j) 



(m/t + md'){ma' + m^/) 
s — m^/ 



(m^ + md'){ma' + m^') 



(17) 

The contributions to the absorptive part ( p^ of the one- loop amplitude from diagrams (cc), (cs), (sc), (ss) 
(see fig. P is then given by ( p^ ) and (p7[). 



3.2 Triangle diagrams 



The terms in (15) for which Q' = u ^ Q and those with Q' ^ u — Q are almost identical. We will consider 
the former case first and then apply the results to the latter. For the diagrams (cu), (su) in fig. |l] the last 
factor in the integrand in (|lj) is independent of i?''. Their contribution to (^5|) is then of the form 



\{dd'} 



"(«^)0^ (5)0 



(e«)i 



"(u^)O^ (5)1 



"(«z)l^ (5)0 ' 



with f^(^^")o 1 defined by the relation 



dVB. ( rJS + f\^l^.\ {n + mn) = ni:>„ + ni:;^ 



{d'} 



In order to obtain ^\!^^-^q i we further split (|T9|) as 



rf^fir;,J>(/? + mh) = + , / dVnri:,{Mn + mh) = f^|:/)io + 



(f/)oo 
^ nid'} 



(uf)W 



^{rf'} _ ^{d'} 
"(«/)i - "(«/)01 



(18) 



(19) 



(20a) 



<?)ii^^- (20b) 



The integrals in (20b) can be evaluated in terms of the bubble and triangle integrals of Terms proportional 
to fi' and ^T^'j coming from (Z*^"^^ and reduce to the form (20t) when sandwiched between u' 

and u, since 4' ^ I^t — ma' and ^t^' ma''^T — m'^, + m^, . This yields the result. 



"(u/jOl 



) (m,C^"^^ - ma'F^'^ 
{mh + ma' - md'){mh + md'){ma' + md') (^F^"^'' + i^a"^^) , 



/''^(«/)oo = md'mhBQ'^ - {mh + ma' - md'){mh + md'){ma' + md 



{uf)W 



sB 



f + {mn + md'){ma' + md') (sF['''^ - {m^ - mgOF^"^^) , 



(21) 



/^^(«?)ii = ""'^o" + i^h + md'){ma' + md') [ma'P:^''" + m,,C, 
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The contribution of diagrams cu, su to the absorptive part of the amphtude, given by the terms in dlq) with 
Q' = u and G = c,s, are then determined by (p^), ( ]20| ) and (|T]) in terms of the scalar integrals of 

Similarly, the absorptive part of diagrams (uc), (us) is given by those terms in ( p^ ) with Q' = c,s and 
Q = u. In this case we have, 



Q{<i} p{d'} , p{<i'} 

(ug')i - "(«i)o ^ (e')o 



The form factors f^(^'^-)o i' defined by the analog of ( p^ 



(22) 



(23) 



are given by ( pOa| ) and ( |2l| ) with the substitutions (u/) ^ (u^), a' a, b' ^ b, d' ^ d in terms of the scalar 
integrals Cq"'\ f[^^\ Fg"'' given in ^ 



3.3 Box diagram 

The term in ( |l5|) with = u = t/' is of the form, 

1 



r 



{uu)k 



jj=0 



fc = 0, 1 



(24) 



where rj^^'^'j^^j^, i, j — 0, 1, are defined by the relations 





+ mil) 


^ 0{d<i'} 
~ "(00)0 


1^ "(00)1 


j dv^^tm^^.in + 


■mh)^T 


^ Q{dd'} 
^ "(01)0 


^<)?^^ 




+ mil) 


~ "(10)0 


^<)'^. 


rf^«r;5f;3,^.(/? + 


■mh)^T 


~ "(11)0 


^<)7^. 



(25) 



Direct evaluation of these integrals, and use of the Dirac equation in the form f^^^ = "niai^T — Wa + m. 
i>Ti' i>T = iTia'S — (m^, — TO^,)^r, etc., leads to. 



b' 



f'^^lm)a = mdiTLd'mhB^'^'' ^ + md'{ma + mh - md){mh + md)(ma + md) 



rriaFr 



+ nidima' +mh~ md'){mh + md'){ma' + md') 
+ {ma' + m/i - md'){mh + md'){ma' + md'){ma + m^ - md){mh + md){ma + md) 



-maF^ 



[uu] 



ma' 



(00)1 - mdmd'Bl'""'^ - m,,(m„ + m,, ^ md){m„ + md){ma + md) 
- md{ma' +mh- md'){mh + md'){ma' + md') f|"^^ + f!^''' 

+ {ma' + mil - md'){mh + md'){ma' + md'){ma + m/i - md){mh + md){ma + m^) 
X Fi^""^ + F^""^ + Fg*""'] , 

■/"'^(ono = md'sBl'''^ ^ + md'{mh + md){ma + md) sF^"'^ - {ml - ml)F!f'^ 



F 



("0 



+ F 



("0 



s(mQ/ + m,i - md'){mh + md'){ma' + md') 
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{nia' +inh~ md'){mh + md'){ma' + md'){mh + md){ma + md) 



sF, 



[uu] 



{mi-mt)Fr'+sF, 



(uu) 



/''^(oni ^ md'-nikB^''''^ + fnd'imh + md){nia + md) m^C^"''' + rUaF^'^'^ 



{iTia' + rrih - ■md'){mh + 'md'){ma' + md') 



(«/) 



{ma' +mh- md'){mh + md'){ma' + md'){mh + md){ma + md) 



miiDo + maF^ 



(uu) 



ma'F^ 



(uu) 



J ^{10)0 '^dsB{ + md(mh + md')(ma' + md') sF{ - (m^, - mj,)i^2 

- s{ma + mh- md){mh + md){ma + md) F^'"'-* + Fj"' 

- {ma + mil - md){mh + md'){ma' + md'){mh + md){ma + md) 



sF, 



(uu) 



sF. 



(uu) 



(ml' 



fnl^^^l = m,m,Bo^''"'> + m,(m, + m,0(m,- + md') [m.C^"^^ + m^'F^'^ 

- {ma + mh - md){mh + md){ma + md) mhCQ^"^ - maF^'^'^ 

- {ma + mh - md){mh + md'){ma' + md'){mh + md){ma + md) 



rniiDo - maF, 



(uu) 



/''^(n)o ^ smhB},'^'' ^ + {mh + md){ma + md)s 



maF^ 



K) 



+ {mh + md'){ma' + md')s mhCQ^^'^ + ma'Fif^'' 
+ {mh + md'){ma' + md'){mh + md){ma + md)s 



mhDo + maF. 



(uu) 



ma'Fr 



(uu) 



fn\ff^l = sBI'^'^'^ + {mh + md){ma + md) [sF*"'' - {ml - m^F^^'^ 



+ {mh + md'){ma' + md') [sF{"^) - (rn^, - )_p_(«/) 
+ {mh + md'){ma' + md'){mh + md){ma + md) 



(26) 



Thus, the contribution to ( p^ from the box diagram (uu) in fig. |l| is given by (24) and ( p6| ) in terms of the 
scalar integrals of O. 



4 Discussion: numerical results 



The expression (^^ for the polarization involves the tree-level scattering amplitude (|13), and the absorptive 
part of the one-loop amplitude as given explicitly in analytical form in sect. ^ and |^. In this section we 
discuss those results from a numerical point of view. 

For numerical computations we use physical meson and baryon masses, and coupling constants D = 
0.80 ± 0.01 and F = 0.46 ± 0.01 Q (see also ^ |||). The meson weak-decay constant / should be given, 
in principle, its chiral-limit value /o < /tt which in SU(3) chiral perturbation theory is not precisely known 
(see and refs. cited there). Since we are working at leading order we can, alternatively, set / to an 
average of its physical values (/tt.k,?;) > f-n- Both possibilities have been used in phenomenological analyses 
in the framework of Unitarized Baryon Chiral Perturbation Theory (UBChPT). Data on meson-baryon 
scattering cross sections and threshold branching fractions have been succesfully described in UBChPT with 
/ ^ 74—86 MeV psi, and with / = 1.123/^ ~ 103 MeV M l27|, p9|. In numerical computations we adopt 
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the latter value, and discuss the dependence on / of our results below. 

If we restrict ourselves strictly to leading-order perturbation theory the denominator in (|l^) must be 
|7^reeP- The polarization V'^i ^ computed in this way satisfies \V'^^ o I — ^ only perturbatively. That inequal- 
ity can be violated if the one-loop absorptive amplitude entering the asymmetry A'^ in the numerator of 
( p^ ) is not much smaller than the tree- level amplitude T^rcc, thus signalling a breakdown of the l.o. approx- 
imation. We denote the polarization computed using the same amplitude T = T^ioc + *'?i-ioop,abs. in the 
denominator of ( p^ as in the numerator, so that {VH < 1 holds exactly. We may consider the difference 
of Vl and VL^ as a rough measure of the validity of the l.o. approximation for the polarization. From 
(|l|) and fig. I we find that (x 1/p, Ti_ioop,ate. oc I//*, and A cc l/p. Therefore, V.^^^^ (x 1/ p and 
Vl ^ l/[cip + C2 + czl P), with ci^2,3 some /-independent coefficients. Thus, the difference \P'^ — V'^^^ \ 
is expected to increase with decreasing /. In those processes and kinematic regions where the l.o. approxi- 
mation is accurate we expect both V'^^ ^ and to scale with / as 1//'^, the former exactly and the latter 
approximately. 

In figs. H — H we plot the polarization V'^ as a function of the center-of-mass scattering angle for several 
reactions and values of y^, as an illustration of the results obtained in the previous sections directly from 
BChPT. V'^Y o ^'^'^ shown in those figures for comparison. 

For pTT^ — !■ pTT^ and p7r~ — > m\P ^ curves (l)-(3) in fig. ^ correspond to energies more than 100 MeV 
below the A-resonance peak, in the region where BChPT should be applicable. V'^ and ^ do not differ 
appreciably at those energies, except for curve (3) for pvr^ V^ ^ pointing to a good convergence of 
perturbation theory in that energy region. As seen in the figure, V'^ reaches sizable values for the elastic 
processes. For giab ^ 100 MeV not only higher-order corrections are expected to become important, but also 
the A resonance contributions are essential. In fig. || we plot the polarization including the contribution 
from the pole in s-channel A resonance exchange. The latter, not contained in our analytical results, was 
computed numerically from the scattering amplitudes in pO[ . As seen from the figure, the A resonance 
contribution to V'^ is already quantitatively significant at giab = 125 MeV, becoming the dominant one at 
higher energies. As expected, within the resonance peak our analytical results are not applicable. 

Our results for pK^ pK^ are shown in fig. ^. For this process we expect BChPT to be valid over 
the entire energy range of the figure, whose highest ^/s is about 250 MeV below the A++iir'^/A+_ft'+ rest 
mass at the A peak. The difference of and V'^i ^ is large for curve (6) in fig. ^ reflecting the fact that 
higher-order corrections become important at about giab ~ 300 MeV. As seen in the figures, the polarizations 
V'^ in p7r+ pir^ and pK^ — > pK^ are in relation {P'^)pTr+ ~ W{V!,)pK+ at fixed initial meson momentum 
and — 1 < cos^cm < 1- This fact deserves some consideration since we expect the dynamics to be similar in 
both elastic processes, except for the stronger coupling in the 5 = 1 channel due to the larger kaon mass.^ 
Restricting ourselves to < giab < 125 MeV where the difference between |Tp and |7^rcoP is negligible, for 
the spin asymmetry A'^ defined in (||) and (||) numerically we find, roughly, {A'^)pTr+ ^ l/10(-4'^)pif+ . The 
factor Iq'A p| in (|9|) is almost equal in both processes. Whereas in pn^ elastic scattering the two terms in 
the factor (ReFoImFi — ImFoReFi) in (||) partially cancel, in pK^ they have the same sign, leading to a 
larger spin asymmetry for the latter process]^ From (|^), |Tp is a sum of three terms CF^ which, for each 
of the two processes, are all of the same order of magnitude. Numerically, we have (CF^)p7r+ ^ 10(CF^)p^+ 
^ which suggests an analogous relation holds for |Tp, therefore apparently leading to the wrong result 
{'Pi)p-K+ ^ l/100(7^^)p/f+. In fact, due to destructive interference between the spin-flip and non-spin-flip 
terms in the tree-level amplitude, we have ~ l/10(CF^)p^+ and a much stronger effect in p7r+, 

|T|2^+ - 1/10''(CF2)p^+. Therefore, we get |T|2^+ - l/102|r|2^+ which, together with the above relation 
for Ai, results in (K)p7r+ ~ W{Vi)pK+- 

Due to the strong coupling in the 5 = — 1 sector ^, ^ BChPT is not directly applicable to 

nucleon-antikaon processes. Rather, higher-order corrections must be resummed with unitarization tech- 
niques such as UBChPT. In the / = channels the A(1405) resonance lies ~25 MeV below threshold, domi- 



*Notice that for bothnvr interactions in the 1 = 3/2 sector and pK with 1 = 1 the scattering lengths are negative, indicating 
a repulsive interaction |7| . 

^The crucial sign difference between the two elastic processes comes from ImFi. 

®The factors dj in (M) are essentially equal for the two elastic processes. The factor ~ 10 referred to here comes from the 
squared tree-level amplitudes. Specifically, the n-channel contribution in pK~^ scattering is smaller than in p-Tr"*", and that of 
the c-charmel is almost equal for both processes. 
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nating the dynamics oipK~^ Stt near threshold in the S wave. In the I — 1 channels pK^ — > Att", Ett the 
narrow decuplet S(1385) lies ~46 MeV below threshold. The effect on final-state polarization of such strong- 
coupling phenomena, not taken into account in this paper, will be discussed elsewhere. For completitude, 
however, we illustrate our BChPT results for for several pK^ scattering processes in fig. ||, about which 
we shall make some qualitative remarks. As seen there, the difference of and P^j ^ is relatively small in 
the Att^ channel but very large in the E"7r+ channel, where \V'^x ^ | > 1 over most of the range of cos6'cm, 
whereas the other two channels are intermediate between those cases, with large \Vl — □ I but jP^j ^ | < 1. 
Such large contributions from the one-loop absorptive part signal the inapplicability of perturbation theory. 
The sign of V'^ in the I]^7r+ channel is opposite to that of the other channels, and the maximum of \V'J\ over 
the range — 1 < cos 0cm < 1 shows a much weaker dependence on energy in that channel than in the others. 



5 Final Remarks 

In this paper we computed the spin asymmetry and the polarization for the final-state baryon in unpolarized 
two-body meson-baryon scattering in lowest non-trivial order BChPT. The spin asymmetry (|^) is a purely 
quantum effect which arises from the interference of the spin-flip and non-spin-flip amplitudes when on-shell 
intermediate channels are open. More precisely, the asymmetry is proportional to Im(rorj), which must 
vanish if the imaginary parts of both factors are zero as happens at tree level. The expression (|^) for A 
is a direct consequence of the form ( |3a| ) of the amplitude, which in turn follows from Lorentz covariance, 
the discrete spacetime symmetries of the strong interactions, and the spin and parity quantum numbers of 
ground-state mesons and baryons. 

The scattering amplitudes are computed above in a physical flavor basis, incorporating baryon mass 



splittings already in the tree- level expressions (y_2|). As mentioned in Sect. 2.1, including higher-order flavor- 
breaking effects is not inconsistent at leading order. The necessary absorptive parts are obtained at one-loop 
level from the purely dispersive tree-level amplitudes by means of unitarity relations. Those are given in 
Sect. ^ and in ^ in closed analytical form, a result which is interesting by itself due to its applicability in 
other perturbative computations. 

A numerical analysis of our results for the spin asymmetry and polarization is carried out in Sect. |4| 
where several meson-proton processes are considered. Polarization effects are seen there to become stronger 
the higher the energy of the process. Yet, even at the very low energies above threshold at which BChPT 
can reasonably be expected to be applicable, sizable values of polarization are found in some processes, 
both in elastic and inelastic reaction channels. In elastic Nti scattering polarizations in the range ~ 10 — 
25% are found. By contrast, for the reasons analyzed above, polarizations for pK^ — > pK^ are smaller. 
In the S = —1 meson-baryon sector the leading-order approximation used here cannot be expected to be 
valid. In fact, it is known that due to the strong coupling and subthreshold resonances (A(1405)) in this 
sector, non-perturbative coupled-channels analysis are required to reproduce available cross-section data. 
The polarization curves in fig. ^ are only meant to illustrate the leading-order results obtained here for the 
polarization. 

As discussed in sect. ^, a source of uncertainty in the leading-order result is the value of /. That 
uncertainty is inherent in the leading-order approximation, since it is higher-order corrections that shift / 
from its chiral-limit value and split it into its physical values. On the other hand, the chiral-limit / is subject 
to considerable uncertainty itself in the three-flavor case. The effects of a variation in / on our results are 
readily quantifiable, however, since we expect the polarization to scale approximately as 1//^ (and exactly 
so at leading order). We remark that the numerical value for / used in sect. ^ is conservative in this respect, 
with lower values of / resulting in polarizations larger (up to a factor of about 2 for / as low as 76 MeV) 
than those reported in figs. || — 1[ 

Finally, we hope that the results obtained here may prompt a re-analysis of the wealth of data obtained 
in many experiments with meson beams (tt beams at LAMPF, TRIUMF and PSI, for instance) in the past 
decades, leading to experimental information on the observables discussed here. 
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A Kinematics 

In this appendix we gather some kinematical definitions used throughout the paper. We introduce the 
notation 

uj{x,y,z) = {x^ + y^ + z^-2xy-2xz-2yz)i = {x - {y^ + ^)^)^x - {y^ - . (27) 

The function lu appears frequently in relativistic kinematics {e.g., in the center of mass frame [p[ — 
uj{s,ml,m.l)/{2y/s)). The Mandelstam invariants for the process [B''{p,a)M''{q)) — > [B"' {p' , a')M''' {q')) 
are 

■s^ip + qf = ip' + qr, t^{p~p'f = {q-q'f , u = {p - q'f = {p' - q)\ (28) 
with s + i + u = + m^, + + rn^, . The physical region for the process is defined by the inequalities 

Sth < S , imin < i < imax , Mmin < M < ^max , (29) 

where, 

Sth = max {(ma + fhbf , {ma' + mb'f] 

± ^^(s,"ia>"i6)'^(s>"i^,,mg,), (30) 
u-SSi = --^ (s^ - s{Tnl + ml, + ml + ml) - {ml - ml){ml, - mg,)^ 
± -^^{s,ml,ml)u;{s,ml, ,ml,). 

B Phase-space integrals 

In this section we collect analytical results for some phase-space integrals. The notation we use is analogous 
to that for the loop integrals of which they are absorptive (or, for scalar integrals, imaginary) parts. The 
analytical expressions, obtained by standard methods [p2l B^, M, hold only in the physical region defined 



in (29). The volume element is in all cases 

dVR = d^RS+{R^ ~ ml)6+{{pr - i?)' - ml), (1) 
where 6+{x'^) = S{x'^)9{x'^) for any (timelike) four-vector x^, with 9 a unit step function. 
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B.l Bubble diagrams 



bI'^''^ = i / dVnP. ■ R = i±4:iZ^B„f^'^'> (2) 
s ,/ 2s 



B.2 Triangle diagrams 

Integrals related to triangle diagrams are generically denoted by C. To avoid having to attach long lists of 
arguments to that symbol, we distinguish between diagrams in which the external particles directly attached 
to the trivalent vertices of the triangle are those of the final or of the initial state. In the former case integrals 
are denoted C^-^f \ and in the latter C^"'^ (see fig. ||). 

For integrals of type C'-"-'-' (diagrams cu and su in fig. n|) the integrand depends on uj = {R — q')^. The 
kinematic limits Uf^^^ for Uf are obtained from u^f^ in ( pO| ) with the substitutions a ^ h, b ^ h' . The 
scalar integrals are, 



= / dVn^^ = -; '^^~7~f"^ og ( "T - ) (3) 
u/-m^, 2 w(s,m^,,m^,) \mi, - Uf^ ' 



^iPT - J ^^«^I73^ 2 ^0 (4) 

C[7' = I dVn^^ = i(m^, + ml ml)ct'^ - ii3^'"''> (5) 

For the vector integral we introduce two sets of form factors, g'^^^ ^i'^ obtained by orthogonal projection 
and algebraic reduction, and F^^^ are given in terms of G^^2 ■ 



^1 -^1 ^ '-'2 ' ^2 -^2 



For integrals of type C*^"'^ (diagrams wc and us in fig. nh the integrand depends on Ui = {R — q)^. The 
kinematic limits Wimax for Ui are obtained from um^ij in { p(\ ) with the substitutions a' h, b' ^ h' . The 

scalar integrals Cq"'-*, C'j"^'' and Cj;^'\ as well as the vector integral C*^"'-*^ and its form factors G^^2\ ^12 ^ 
are obtained from (^-(p|) by means of the substitutions a' ^ a, b' ^ 6, d' ^ d, p' ^ p, q' ^ q, Uf ^ Ui, 
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B.3 Box diagram 

The basic scalar box integral is given by 



Da = I dVfl — 2 — 2 = 47r6'(Vs - (mh + ruh'))- 



\R\c 



lArgtanh 



uj{s,ml,ml,] 



1 / u^^^ + u„ 

cm - 2 



P/j = ^(2to^, - u/.„^^ - 'u/,„.J(2to^ - - Ui„.J - 8|,R|^^ (q' ■ q) 

Z \ / cm 

(7) 

For all diagrams allowed by conservation laws we must have it/„„ < m^, , Mi,„^^ < due to the stability 
of ground-state baryons against strong decay, therefore I?/ > < P^. Furthermore, it can be seen from its 
definition above that within the physical region Vfi > 2^yv/Di. From (|^), by algebraic reduction we get. 



Dipj, = / dVR 



Dig = J cLVr 
Diq^ = / cLVr 



R-Pt 






- 7772) 




R-q 




("/ - 


ml,){ui 


- 7772) 




R-q' 




("/ - 




- 7772) 



-(s + ml~ml,)Do 



^{ml+ml-mj)Do-\c^"'^ , 
^{ml+ml,~ml,)Do~^ci;"^ . 



(8) 
(9) 
(10) 



As with triangle diagrams, we decompose the vector integral into two sets of form factors, G^""-* and F^^^\ 



R^' 



{uf - ml,){u, - ml) 



(uu) 



2s 



V2 



V2=q - ^{s + ml- ml)pT , V3 = q' - ^{s + ml - m^p^. + — ^ 

is Is uj(s,m-^,mj^)'^ 

(11) 

Calling vi — Pt we have Vi ■ vj oc 5ij, i,j — 1, 2, 3. The vectors Vi are obtained from p^, q, q' by Gramm- 
Schmidt orthogonalization for simplicity. More symmetrical results can be obtained with the orthogonaliza- 
tion method of [^5| . The form factors are given by, 



G\ 



[uu 



G 



{uu 



{uu 



{uu 



2 

{uu 



2s 
-4s 



-^0 , 



Lj(s, 7772, 777^)2 

uj{s,ml,ml)'^ 



D 



s(i-i„ax)(t-t„,„) 



Di,,-l{s + ml,-ml,)G^r^-i[u- 



G. 



(uu) 



^(uu) _ 5 + 777^-7^2 ^^^^^ ^ S + 777^, - 7772, ^^^^^ ^ S + 777^ - 7772 ^ ^ 77„,, + 7/„ 
1 2S ^2 2s ^3 c^(s,n72, 7^2)2 



= G 



2s 



w(s, 7772, 7772'|2 



"max + Mmi„ ^ ^{uu) 



3 ' 



G 



G 



(uu) 
3 ' 



(12) 

From the definition of in (11) it is clear that under exchange of initial and final state {a ^ a', b ^ b', 
q q' , p p' , etc.) we must have F^^"'' ^ ^^("") ^j^^ ^_(«") ^ pi^-u) ^ expressions ( p^ for F^^^l 

this symmetry is not apparent, but it has been checked numerically. 
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(cc) (cs) (sc) 






Figure 1: Feynman diagrams contributing to the absorptive part of the scattering amplitude. Vertical lines 
denote unitary cuts factoring each diagram into two tree-level diagrams as indicated by the labels. 





Figure 2: BChPT result for the polarization of the final baryon in its rest frame as a function of center- 
of-mass scattering angle. Solid lines: Vi, dashed lines-.V^^^ (see sect. ^. Curves (1)"(3) correspond to lab 
frame initial meson momentum giab ~ 75, 100, 125 MeV, resp. 
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q'.b' 



q.b 



p, a 



R,h 



V'O, h' 



Figure 6: Labelling of momenta and flavors in triangle graphs with final- and initial-state particles attached. 



16 



